Introduction
Materials science has made rapid progress, stimulated by interest in elucidating structure-function relationships at the molecular level. In the more specific context of molecular conductors, a distinct class of compounds, namely, functionalised tetrathiafulvalenes (TTFs), plays a unique role.
[1] Because of their specific p-donor properties, TTFs have been incorporated into a number of macrocyclic, molecular and supramolecular systems to create multifunctional materials with desired structures, stability and physical properties.
[2-4] Considerable efforts are currently devoted to modification of the TTF core with substituents such as pyridine-type heterocycles, [5] dithiolates, [6] acetylacetonates [7] and phosphines, [8] all of which are well-tailored for chelation of various transition metal ions. Recently, it was demonstrated that such electroactive ligands allow access to dual-property molecular materials in which close vicinity of a metal centre to a TTFC + radical leads to enhanced d-p interactions. [9] Subsequently, we reported an efficient synthetic route to an annulated donor-acceptor (D-A) ensemble, namely, 4',5'-bis(propylthio)tetrathiafulvenyl [i] dipyrido-[3,2-a:2',3'-c]phenazine (TTF-dppz, Figure 1) . [10] This new chelating ligand has two redox centres and shows fascinating photophysical properties in its own right. For instance, the first electronically excited state corresponds to a TTF!dppz intraligand charge-transfer (ILCT) state, from which corresponding CT fluorescence is observed. But of course, it also invites investigation of its coordination behaviour toward redox-active metal ion centres, such as ruthenium(II).
Ruthenium(II) polypyridine complexes have been intensively investigated owing to their interesting photophysical properties and their chemical stability. Notably, they offer a predictable design strategy for building up rigid chiral structures spanning all three spatial dimensions. [11] An intriguing part of their chemistry lies in a variety of fields related to solar-energy con-Three ruthenium(II) polypyridine complexes of general formula [RuA C H T U N G T R E N N U N G (bpy) 3Àn A C H T U N G T R E N N U N G (TTF-dppz) n ]A C H T U N G T R E N N U N G (PF 6 ) 2 (n = 1-3, bpy = 2,2'-bipyridine), with one, two or three redox-active TTF-dppz (4',5'-bis(propylthio)tetrathiafulvenyl [i] dipyrido[3,2-a:2',3'-c]phenazine) ligands, were synthesised and fully characterised. Their electrochemical and photophysical properties are reported together with those of the reference compounds [ 6 ) 2 and the free TTF-dppz ligand. All three complexes show intraligand charge-transfer (ILCT) fluorescence of the TTFdppz ligand. Remarkably, the complex with n = 1 exhibits luminescence from the Ru 2 + !dppz metal-to-ligand charge-transfer ( 3 MLCT) state, whereas for the other two complexes, a radiationless pathway via electron transfer from a second TTF-dppz ligand quenches the 3 MLCT luminescence. The TTF fragments as electron donors thus induce a ligand-to-ligand charge-separated (LLCS) state of the form TTF-dppz À -Ru 2 + -dppz-TTF + . The lifetime of this LLCS state is approximately 2.3 ms, which is four orders of magnitude longer than that of 0.4 ns for the ILCT state, because recombination of charges on two different ligands is substantially slower. version and photochemistry. [12] In particular, they act as photosensitisers in the conversion of solar energy to chemical or electrical energy, whereby a major achievement has been the development of a dye-sensitised solar cell by Grätzel and coworkers. [13] Furthermore, ruthenium(II) complexes containing the dipyrido[3,2-a:2',3'-c]phenazine (dppz) ligand have emerged as one of the most promising metal-ion-based molecular probes of DNA because of their unique emission properties arising from extended aromatic structures incorporating a phenazine moiety. [14] [15] [16] Incorporation of the TTF unit into ruthenium(II) complexes is stimulated by the development of new antenna and chargeseparation systems [17] and photoredox switches. [18, 19] Among the reported examples, the TTF moiety is linked to the ruthenium(II) chromophore via diimine coordination or through an N,S chelating ligand. In the former cases, luminescence from metal-to-ligand charge-transfer (MLCT) states is strongly quenched by intramolecular electron transfer from the pendant TTF unit, which makes them promising candidates for incorporation into optical sensors and devices.
RuA C H T U N G T R E N N U N G (bpy) 3 ]A C H T U N G T R E N N U N G (PF 6 ) 2 , [RuA C H T U N G T R E N N U N G (dppz) 3 ]A C H T U N G T R E N N U N G (PF 6 ) 2 and [RuA C H T U N G T R E N N U N G (bpy) 2 -A C H T U N G T R E N N U N G (dppz)]A C H T U N G T R E N N U N G (PF
Thus, the TTF-dppz ligand, when coordinated in metal complexes, generates unique supramolecular assemblies with multielectron redox and photophysical properties. The hybrid complexes with a polypyridylruthenium(II) centre could be particularly interesting, because they have two types of emissive chromophores directly connected to each other. Therefore, we pre- 6 ) 2 complexes (1 n = 1; 2 n = 2; 3 n = 3) containing one, two or three TTF-dppz ligands and investigated their electrochemical and photophysical properties with the purpose of studying how the TTF-fused dppz ligand affects the redox and photophysical properties of ruthenium(II) polypyridyl moieties.
Results and Discussion

Synthesis
Complex 1 can be synthesised in two different ways (Scheme 1). Coordination of the TTF-dppz ligand to [RuA C H T U N G T R E N N U N G (bpy) 2 -Cl 2 ] forms the target compound in fair yield. This method is convenient for introducing diimine ligands with good solubility in common organic solvents into Ru II polypyridyl complexes. The alternative approach involving condensation of a diaminofunctionalised TTF ligand with [RuA C H T U N G T R E N N U N G (bpy) 2 (phendione)] 2 + also affords 1 in good yield. In this case, the solubility problems that are often encountered when incorporating rigid and planar diimine ligands into extended mononuclear and polynuclear systems can be avoided. By following the second strategy, complexes 2 and 3 (Scheme 2) were obtained in reasonable yields.
All compounds were unambiguously characterised by elemental analysis and standard spectroscopic techniques. The 1 H NMR spectra display characteristic peaks for protons of the aromatic rings and also two triplets at 2.76 and 0.95 ppm and one multiplet for the propyl groups of the TTF-dppz unit(s). The ESI-MS spectra reveal a major peak corresponding to [MÀPF 6 ]
+ for 1 and [MÀ2 PF 6 ] 2 + for 2 and 3.
Electrochemistry
The electrochemical properties of 1-3 were investigated by cyclic voltammetry. Their electrochemical data are collected in Table 1 together with those of www.chemphyschem.org three oxidations correspond to one-electron processes, while in 2 the first two are two-electron processes and only the third is a one-electron process (Figure 3 ). The first two oxidation processes for both complexes can be assigned to the TTF subunits, while the third corresponds to the Ru II/III redox couple. No splitting was observed in the first oxidation wave of 2. Compared to 1, the oxidation waves of 2 are positively shifted by 10, 40 and 80 mV, respectively, owing to the electron-withdrawing effect of the dppz moieties. The positive shift in the metal-centred oxidation process on going from 1 to 3 is not unexpected on the basis of simple electrostatic arguments; the TTF units are oxidised first. Complex 3 shows a significantly different electrochemical behaviour than 1 and 2. Two reversible multi-electron oxidation waves for the oxidation of the three TTF fragments were observed (Figure 4 a) . The first oxidation wave is broad and shows some splitting, which suggests that the three TTF units in 3 can be oxidised successively to the cation-radical states. This splitting also indicates possible intramolecular electronic interactions among TTF moieties, as previScheme 2. Synthesis of 2 and 3. a) EtOH, heating at reflux, 16 h. 
2 + in CH 3 CN. [20] Compound 
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www.chemphyschem.org ously observed in the related TTF-HAT (HAT = hexaazatriphenylene) molecule, for which intramolecular through-bond interactions among the three TTF units were electrochemically detected. [21] A corresponding UV/Vis/NIR spectroelectrochemical investigation of 3 was performed (NIR = near infrared). However, no intervalence absorption bands due to possible formation of mixed-valent species could be observed in the NIR region. In addition, the Ru II/III redox couple is shifted to even more positive potential compared to 2, which is in agreement with a further decrease in electron density around Ru II caused by the p-acceptor properties of the dppz subunits.
At negative potentials, two reversible reduction waves were observed for 1 and 2 (Table 1 and Figure 5 ), which represent reduction of the dppz and bpy moieties. In 2, the first reduction process corresponds to reduction of two dppz units with one electron each. The negative shift of the second reduction potential of 2 is attributable to the presence of two reduced dppz units in the molecule. In the case of 3, the reduction process is irreversible. Since the first reduction processes in complexes 1-3 take place at potentials that are less negative than those of bpy, the lowest unoccupied molecular orbital (LUMO) in each case must reside on the dppz unit(s).
Optical Properties
The absorption spectra of the three complexes 1-3 in dichloromethane, together with Figure 6 . By comparison with the absorption spectra of the reference compounds 6 ) 2 as well as of the free TTF-dppz ligand [10] in dichloromethane (see the Supporting Information), the absorption bands can be readily attributed to specific transitions.
The broad band at 16 180 cm À1 corresponds to an ILCT transition on TTF-dppz, with the TTF subunit acting as an electron donor and the dppz subunit as an acceptor. With respect to the free ligand, this ILCT absorption band is red-shifted by 2320 cm
À1
, because the energy of the LUMO localised on the dppz unit is lowered upon coordination to ruthenium(II). This shift is in good agreement with that observed in the corresponding zinc(II)-and iron(II)-coordinated systems. [10] The extinction coefficient of the ILCT band increases from 1 10 4 to 3 10 4 m À1 cm À1 on going from one to three TTF-dppz ligands per complex. As expected, electric-dipole-allowed MLCT transitions around 21 900 cm À1 are also observed, that is, both Ru 2 + !bpy and Ru 2 + !dppz transitions. In particular, the peak positions, the broadness and the intensities of the 1 MLCT absorption bands of 1-3 and the reference complexes (see the Supporting Information) do not change markedly with increasing number of dppz moieties, that is, the Ru 2 + !bpy and Ru 2 + ! dppz transitions are close to each other in energy. The absorption band centred at 26 200 cm À1 can be assigned to p-p* transitions located on the dppz subunit. It is slightly red-shifted compared to the free TTF-dppz ligand. Again the extinction coefficient increases with increasing number of TTFdppz ligands per complex. In the UV region, a broad band is attributed to several overlapping p-p* transitions located on the TTF and dppz subunits as well as on the bpy ligand. All three complexes 1-3 show rather weak photoluminescence around 10 800 cm À1 (920 nm) in dichloromethane, which is depicted in Figure 7 for complex 1, and which can be assigned to the ILCT fluorescence of the TTF-dppz ligand. [10] The emission intensity does not vary much among the different complexes but drops to around 20 % of the intensity of noncoordinated TTF-dppz, which shows fluorescence at 12 198 cm À1 (820 nm) with a lifetime of 450 ps and a quantum efficiency of about 1 % in dichloromethane at room temperature. The decrease in luminescence intensity which occurs upon complexation can be explained by the smaller energy gap and faster nonradiative decay according to the energygap law in the Marcus inverted region. By using the semiclassical theory [22] with an average accepting mode corresponding to the skeletal vibrational modes of the TTF and phenazine units between 1000 and 1500 cm À1 , [23] a decrease in the driving force from 15 350 cm À1 for the free ligand to 13 100 cm À1 for the coordinated system (estimated from the crossing point of the respective absorption and emission spectra [10] in Figure 7) , and a total reorganisation energy of approximately 3200 cm
(half of which is attributed to the local modes), the increase in the nonradiative rate constant is estimated to be on the order of a factor of ten. Additional quenching mechanisms can thus be excluded. Therefore, the lifetime of the ILCT state in the complexes 1-3 can be estimated as t ILCT % 100 ps.
In addition, complex 1 shows a quite intense 3 MLCT luminescence band centred at 16 181 cm À1 (618 nm), as depicted in MLCT luminescence is strongly quenched in 2 and 3. The relevant spectroscopic results, including those for the reference complexes, are summarised in Table 2 
2 + (the reference complex without TTF), the luminescence lifetime of complex 1 is longer, whereas the quantum yield is lower; this situation results in somewhat different radiative and nonradiative rate constants. The enhanced rigidity of the dppz acceptor arising from the annulation of TTF appears to play a role in the electronic nature of the emitting 3 MLCT state, as demonstrated by other reported examples. [24] Interestingly, the TTF fragment does not act as an efficient electron-transfer quencher of the MLCT luminescence in 1, in contrast to 2, 3 and a number of related ruthenium(II) complexes. [17] The question that now arises concerns the nature of the emitting 3 MLCT state in 1 and why only this complex shows 3 MLCT luminescence. A helpful indication is provided by the excitation spectra. In contrast to those of reference complex
2 + and free TTF-dppz, which are identical to their absorption spectra (see the Supporting Information), the excitation spectra of 1 shown in Figure 7 depend on the detection wavelength and differ from the absorption spectrum. In particular, the absence of some allowed MLCT bands from the excitation spectra suggests that there are allowed transitions to 1 MLCT states which relax neither to the emitting 3 MLCT state nor to the ILCT state. Instead, they relax nonradiatively to a lower excited dark state or to the ground state. As mentioned above, the Ru 2 + !bpy and Ru 2 + !dppz 1 MLCT states are close to each other in energy, but it is generally acknowledged that the lowest emissive 3 MLCT state in solution is the Ru 2 + !dppz state. [25] Excitation to specific p-p* transitions of dppz, represented by the sharp band at 24 700 cm
, however, results in efficient relaxation to the luminescent 3 MLCT state as well as to the fluorescent ILCT state. In addition to the MLCT and ILCT states and according to the electrochemical data (Table 1) , ligand-to-ligand charge-separated (LLCS) states at comparatively low energies must be considered for a complete energy-level diagram. With regard to electron-transfer quenching, both TTF!Ru 3 + and TTF!L (L= bpy.dppz) processes may be operative. Accordingly, the energy-level diagrams for 1 and 3 are depicted in Scheme 3. An analogous diagram for 2 is obtained by combining those of 1 and 3; that is, 2 has two different 1 MLCT states like 1, two different LLCS states corresponding to the LLCS states of 1 and 3, respectively, and one ILCT state. Generally, the first electronic excited states in all complexes are the ILCT and LLCS states, while the MLCT states lie higher in , as well as ILCT fluorescence. The excitation spectra in Figure 7 indicate that the ILCT state can be excited either directly or via the 1 MLCT 1 state. In the latter case, electron transfer from TTF to rutheniumA C H T U N G T R E N N U N G (III) to form the ILCT state (bpy) 2 -Ru 2 + -dppz À -TTF + must be comparatively slow, since it does not quench the 3 MLCT 1 luminescence substantially. In other words, the rate constant k 1 ET is on the order of the rate constant for intersystem crossing k ISC , that is, around 10 11 s
. [26] The analogous 1 MLCT 2 state, however, relaxes rapidly to the charge-separated LLCS state bpy/bpy À -Ru 2 + -dppz-TTF + by electron transfer. This is concluded from the missing part of the excitation spectrum in Figure 7 . Rate constant k 2 ET is expected to be on the order of 10 12 s
, because it must compete with fast interligand randomisation of the 1 MLCT states, which is known to occur in a few picoseconds. [27] For 2 and 3, ILCT fluorescence similar to that of 1 is observed, but there is no 3 MLCT luminescence. The energy-level diagrams of these complexes have almost isoenergetic LLCS states, namely, L/TTF-dppz À -Ru 2 + -dppz-TTF + (L = bpy for 2 and TTF-dppz for 3), in which the charges are located on two different TTF-dppz ligands. This LLCS state cannot be populated by direct excitation from the ground state, but it can be formed by electron transfer in the excited state, that is, an electron from another TTF-dppz ligand is transferred to the formally Ru 3 + ion, and a TTF + radical is formed on this ligand. The fact that the 3 MLCT luminescence is strongly quenched in 2 and 3 but not in 1 indicates that this kind of electron transfer can occur as soon as a second TTF-dppz ligand is available. The rate constant of this process k 3 ET is expected to be a bit larger than k ISC . For 3, the quantum efficiency for population of the ILCT state after excitation to the 1 MLCT state was determined to be around 50 %. Owing to the lack of 3 MLCT luminescence in 3, it is suggested that the other 50 % relaxes to the LLCS state. In principle, the driving force for both electrontransfer processes ET 1 (k 1 ET ) and ET 3 (k 3 ET ) is given by the difference between the reduction potentials of Ru 3 + and TTF + , that is, around 0.7 eV (Table 1) . Mechanistically, one can assume that k 3 ET > k 1 ET because of the Coulomb barrier provided by the negative charge located on dppz À between the formally Ru , which are in good agreement with the absorption bands of TTF + . In particular, the band at 12 000 cm À1 can be assigned to the reversed ILCT transition of the oxidised form of the ligand (dppz!TTF + ). [10] This result means that the excited electron must be located on another TTF-dppz or bpy ligand. In fact, the low-energy part of the transient absorption band at 20 000 cm À1 could be assigned to the absorption of bpy À and dppz À radicals. [28] The same transient absorption bands were also observed for 1 and 3. This shows that the LLCS state bpy À -Ru 2 + -dppz-TTF + and the LLCS state TTF-dppz À -Ru 2 + -dppz-TTF + are populated after excitation to the corresponding 1 MLCT state. The lifetimes of the LLCS states are 2.45 and 2.26 ms, respectively (see Table 3 ). In 2, both states may be populated, but they cannot be distinguished due to the very similar lifetimes. The chargerecombination process was found to follow first-order kinetics in all three complexes. Within the detection timescale of the system used for the measurements (5-ns laser pulse), no rise of the signal after excitation was observed, which is in agreement with the abovementioned fast electron-transfer process from TTF to rutheniumA C H T U N G T R E N N U N G (III).
Conclusions
A new synthetic protocol for the preparation of Ru II bipyridine complexes bearing multiple appended TTF fragments has been presented. On the basis of the photophysical results, all of the compounds display a characteristic ILCT excited state. Interestingly, the compound containing only one TTF-dppz ligand exhibits dual luminescence. However, in cases where two or three TTF-dppz ligands are present in the structures, the 3 MLCT luminescence is strongly quenched due to electron transfer from a second TTF-dppz ligand to Ru 3 + to form a charge-separated state TTF-dppz À -Ru 2 + -dppz-TTF + . The lifetime of this LLCS state is approximately 2.3 ms at room temperature in dichloromethane. An analogous LLCS state in which the negative charge is located on a bipyridine ligand, namely, bpy À -Ru 2 + -dppz-TTF + , was also detected for the complex with only one TTF-dppz ligand. Its lifetime is 2.5 ms in dichloromethane. For this complex there are, therefore, three different mechanisms for deactivation of the excited 1 MLCT states, which are observed simultaneously. Either intersystem crossing to the Ru 2 + !dppz 3 MLCT state and subsequent phosphorescence (t = 1 ms) occurs, or electron transfer out of the Ru 2 + ! dppz 1 MLCT state to the ILCT state followed by fluorescence or electron transfer out of the Ru 2 + !bpy 1 MLCT state to populate the LLCS state takes place.
In essence, the electron-donating properties of the TTF component of the diimine ligand results in ILCT and LLCS states at low energies relative to the MLCT states. The current work illustrates that, with appropriately substituted ligands, ruthenium(II) complexes can generate a long-lived charge-separated state at room temperature, which is quite unique. Such molecules are of interest because of their potential applications in optoelectronics as well as in the development of molecular probes for DNA.
Experimental Section
General Methods and Materials: Air-and water-sensitive reactions were conducted under argon in dry, freshly distilled solvents. Unless otherwise stated, all reagents were purchased from commercial sources and used without additional purification. 4',5'-Bis-(propylthio)tetrathiafulvenyl [i] dipyrido[3,2-a:2',3'-c]phenazine (TTFdppz), [10] [RuA C H T U N G T R E N N U N G (bpy) 2 Cl 2 ], [29] 5,6-diamino-2-[4,5-bis(propylthio)-1,3-dithio-2-ylidene]benzo[d]-1,3-dithiole, [10, 21] [RuA C H T U N G T R E N N U N G (bpy) 2 (phendione)]-A C H T U N G T R E N N U N G (PF 6 ) 2 , [25] [RuA C H T U N G T R E N N U N G (bpy)(phendione) 2 ]A C H T U N G T R E N N U N G (PF 6 ) 2 [30] and [Ru(phendione) 3 ]-A C H T U N G T R E N N U N G (PF 6 ) 2 [31] were prepared according to literature procedures. Elemental analyses were performed on an EA 1110 Elemental Analyzer CHN Carlo Erba Instruments. FTIR spectra were recorded on a Perkin-Elmer One FTIR spectrometer.
Cyclic Voltammetry: Cyclic voltammetry (CV) was performed in a three-electrode cell equipped with a platinum millielectrode, a platinum wire counter electrode and a silver wire as quasi-reference electrode. The electrochemical experiments were carried out in a dry and oxygen-free atmosphere (H 2 O < 1 ppm, O 2 < 1 ppm) in CH 2 Cl 2 (0.8 mm) with 0.1 m Bu 4 NPF 6 (TBAP) as supporting electrolyte at 200 mV s À1 . The voltammograms were recorded on an EGG PAR 273A potentiostat with positive feedback compensation. Based on repetitive measurements, absolute errors in potentials were estimated to be about AE 5 mV. The experimental voltammograms were deconvoluted with the CondeconTM software.
Photophysical Measurements: Photophysical measurements were performed on solutions of the compounds in CH 2 Cl 2 [c = (1-5) 10
À5 m] at room temperature. For luminescence and transient absorption measurements the solutions were degassed by bubbling N 2 (g) through them for 30 min. Absorption spectra were recorded on a Variant Cary 5000 UV/Vis/NIR spectrophotometer. Emission and excitation spectra were measured on a Horiba Fluorolog 3 instrument. Luminescence lifetimes were measured by exciting the samples with the second harmonic (532 nm) of a pulsed Quantel Brilliant Nd:YAG laser. The system used for detection consisted of a Spex 270M monochromator, a Hamamatsu photomultiplier and a Tektronix TDS 540B oscilloscope. The signals were detected at 620 nm. For the transient absorption measurements, the samples were excited to the 1 MLCT state at 458 nm using a pulsed Nd:YAG laser system (Quantel Brilliant) with an integrated Magic Prism OPO and probed by a xenon lamp. The same system for detection was used as for the luminescence lifetime measurements. 6 ) 2 (1): TTF-dppz (80 mg, 0.16 mmol) was added to a stirred solution of [RuA C H T U N G T R E N N U N G (bpy) 2 ]Cl 2 (100 mg, 0.16 mmol) in ethanol/water (2:3, 50 mL). The mixture was heated for 16 h at 80 8C until complete consumption of the starting material was observed. After cooling to room temperature, the precipitate was filtered off. Aqueous potassium hexafluorophosphate was added to the filtrate. The crude precipitate was washed twice with water and once with diethyl ether and then purified by chromatography on a column packed with basic alumina (MeOH/CH 2 Cl 2 , gradient from 0:100 to 5:95). The fractions containing the pure complex were evaporated to dryness and recrystallised by slow evaporation of a solution in CH 2 Cl 2 /hexane (ca. 80 :20) to give 140 mg (67 %) of analytically pure product. www.chemphyschem.org 
